The nucleation events of synthesis reactions of ZSM5 and Na-A zeolites were studied, with particular emphasis on the role of organic template, P A ' (tetrapropylammonium), in the ZSMS synthesis. Qualitative evaluation of the structural units was obtained by Small-Angle X-ray Scattering (SAXS) measurements which were analyzed using an indirect Fourier transform method. In the presence of organic cation TPA' in the ZSM5 synthesis we found globular structural units, 5 nm in diameter, which aggregate to elongated bodies 44 nm long. These results suggest that the zeolite ZSMS building blocks are globular structural units, 5 nm in diameter, containing silica, alumina, organic cation and water, which fuse together to produce elongated aggregates that may cornpose the find unit cell. We found that the Na-A zeolite follows nucleation via 1 nm globular particies, which suggests that the existence of globular structud units in the nucleation of zeolites is a general phenomenon.
Introduction
The synthesis of most zmlites begins by aging of silica, alumina and water, generally with a templating agent, to produce a silica sol (termed 'mother liquor') containing monomeric and oligomeric silicates. These silicates react with aluminate anions to produce an aluminosilicate gel. The gel dissolves during the reaction, releasing mostly silicate ions. which can slowly react to produce a porous crystallinz zeolite containing straight and sinusoidal channels which intersect at junctions. Nucleation from solution involves a limited number of ZSM5 or Na-A nuclei that are formed at the expense of the amorphous aluminum-rich phase. Reaction rate is slow and is governed by the dissolution of silica. The induction period of ZSMS and Na-A zeolites takes about 30 hours and 4 minutes respectively. The atom-atom interactionband the phase behavior2 in the nucleation stage of the ZSMS synthesis reaction have been studied. However, a clear and general picture of the nucleation process was not presented. In this work we investigated the microstructural evolution in the nucleation stage of the zeolites ZSMS and Na-A.
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Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1993883 Ex~erimental ZSMS and Na-A were prepared by the hydrothermal treatment described e~sewherg,~. SAXS measurements were performed using Ni-filtered Cu-Ka radiation (sealed tube generator), a compact Kratky camera (A. Paar) and a linear position-sensitive detector (Raytech). Sample-to-detector distance was 264 mm, and exposure time was about 5 hours. Background scattering due to water was deducted by subtracting a constant value of the intensity measured at high scattering angles.
Results and discussion Scattering c w e s of mother liquor samples of ZSMS containing all the reaction ingredients at five different heating times are shown in Figure l(a) . I(h) is the scattered intensity as a function of the scattering vector, h (h=271 sin(8)/h), where 28 is the scattering angle and h the wave length. t=O is defined as the time before heating the solution mixture, after two hours of rigorous mixing of the ingredients at room temperature.
A broad shoulder appears around h=1.2 nm-I, denoted by an arrow. This shoulder is an indication of a characteristic dimension in the structure. As the reaction progresses, the shoulder shifts to lower h values, and disappears completely after 2 hrs. Since scattering curves represent information in reciprocal space, the shift of the shoulder to lower h values represents a growth process. The slope of the scattering curve at the h -> 0 limit (Guinier region) increases with the progression of the reaction. indicating an increase in the radius of gyration of the particles with heating time. Similar shift of the shoulder to lower h values was also found in the Na-A zeolite during the fist four minutes Further structural analysis of the stuttering curves was obtained by employing a Fourier transform of the scattering data by the ITP method4 (Indirect Fourier Transform to calculate p(r)) to calculate the distance distribution function, p(r). The scattered intensity is related to the structural elements by a Fourier transform5:
where r is a relative distance, and y(r) is the correlation function of the electron density distribution, defined as:
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where P(r) is the the local density at a distance r from a referece point, and P is the average density. p(r) can now be defined as: (3) p(r)= r7y(r) The ITP method provides accurate calculation of p(r) from the measured scattering data. It can be applied only to scattering curves from dilute particle systems, and therefore can be used to evaluate the structural units in the mother liquor. In particular, globular, cylindrical or lamellar structures have distinctly different characteristic shapes of their p(r) functions. The dimensions of the structural units are directly evident from the p(r) function4 The distance distribution function, p(r), for ZSM5 zeolite at different times of heating are shown in Figure 1 (b) , as calculated by the ITP method from the scattering curves of the mother liquor. p(r) at t=O is a function characteristic of a solid globular unit with a uniform electron density. The diameter is indicated by the largest r value for which pfr) = 0. This suggests that 5 nm spheres, which we termed globulur structural units, exist in the solution at t=O. This result is supported by cryotransmission electron microscopy measurements6. After 1 hour of heating, p(r) was characteristic of a cylindrical aggregate. The length of the cylinder is indicated by the largest r for which p(r)=O, and the diameter is approximated by the inflection point following the maximum in p(r). A length of 22 nm is obtained after one hour, and increases to 44 nm after another hour of heating (Figure l(b) ). Having established the elongated structure of the aggregate by its characteristic p(r) function, a more accurate determination of its diameter is obtained by using the ITP method as applied to cylindrical bodies. In this case the distance distribution function of the cylinder cross-section, Pc(r), is obtained. Pc(r) was calculated for the mother liquor after I. and 2 hours of heating. Diameter of 8 and 16 nm are obtained for these heating times from the distance where Pc(r)->O. After longer heating times no change in the distance distribution function was found. From geometry considerations, the cylinder found after one hour of heating may contain five globular structural units, as described in Figure  2 (a). Since no change in the scattering pattern was found after reaction period longer then two hours, we assume that nucleation takes place during that time. The organic template is essential to the formation of aggregates. That was found by a control experiment in which the organic template, TPA' , was excluded from the reaction mixture. Only 2.5 nm globular particles were found by lTP, and no shift of the shoulder to lower h values during the reaction was identified. The same analysis procedure applied on the scattering curves of the Na-A system, indicates the existence of 1 nm globular structural units upon mixing the ingredients. The short nucleation period of the Na-A zeolite (4 minutes) indicates rapid nucleation processes, that can not be time-resolved by the ITP method. A model for the nucleation stage in the mother liquor during the nucleation stage of the ZSMS zeolite is shown schematically in Figure 2(b) . We suggest that globular structural units, with a diameter of 5 nm, are formed in the mother liquor after mixing the reactants (t=O). These units aggregate to elongated particles as the reaction proceeds, reaching dimensions of of 8x22 nm and 16x44 nrn after one and two hours of heating, respectively. The elongated units then settle to form a precipitate phase where further heating leads to formation of ZSMS crystals. Our results indicate a globular structural unit existing during the nucleation period of both template and a non-template zeolite synthesis. hours, respectively.
